Few therapeutic options are available for malignant peripheral nerve sheath tumors (MPNSTs), the most common malignancy associated with neurofibromatosis type 1 (NF1). Guided by clinical observations suggesting that some NF1-associated nerve sheath tumors are hormonally responsive, we hypothesized that the selective estrogen receptor (ER) modulator tamoxifen would inhibit MPNST tumorigenesis in vitro and in vivo. To test this hypothesis, we examined tamoxifen effects on MPNST cell proliferation and survival, MPNST xenograft growth, and the mechanism by which tamoxifen impeded these processes. We found that 1-5 mM 4-hydroxy-tamoxifen induced MPNST cell death, whereas 0.01 -0.1 mM 4-hydroxy-tamoxifen inhibited mitogenesis. Dermal and plexiform neurofibromas, MPNSTs, and MPNST cell lines expressed ERb and G-protein-coupled ER-1 (GPER); MPNSTs also expressed estrogen biosynthetic enzymes. However, MPNST cells did not secrete 17b-estradiol, exogenous 17b-estradiol did not stimulate mitogenesis or rescue 4-hydroxy-tamoxifen effects on MPNST cells, and the steroidal antiestrogen ICI-182,780 did not mimic tamoxifen effects on MPNST cells. Further, ablation of ERb and GPER had no effect on MPNST proliferation, survival, or tamoxifen sensitivity, indicating that tamoxifen acts via an ER-independent mechanism. Consistent with this hypothesis, inhibitors of calmodulin (trifluoperazine, W-7), another known tamoxifen target, recapitulated 4-hydroxy-tamoxifen effects on MPNST cells. Tamoxifen was also effective in vivo, demonstrating potent antitumor activity in mice orthotopically xenografted with human MPNST cells. We conclude that 4-hydroxy-tamoxifen inhibits MPNST cell proliferation and survival via an ER-independent mechanism. The in vivo effectiveness of tamoxifen provides a rationale for clinical trials in cases of MPNSTs.
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Keywords: calcium signaling, neurofibromatosis, steroid receptors, Schwann cell, xenograft model. P atients with neurofibromatosis type 1 (NF1) develop multiple benign peripheral nerve sheath tumors known as neurofibromas. 1 Neurofibromas, which are composed of neoplastic Schwann cells admixed with fibroblasts, perineurial cells, vascular elements, and mast cells, 2 arise within skin (dermal neurofibromas), large nerves, and nerve plexuses (plexiform neurofibromas). Although histologically similar, the clinical behavior of these neurofibroma subtypes is distinct. 2, 3 Dermal neurofibromas frequently develop during puberty and pregnancy, suggesting that they are hormonally responsive, and virtually never give rise to higher grade neoplasms. In contrast, plexiform neurofibromas are typically congenital and can evolve into malignant peripheral nerve sheath tumors (MPNSTs), the most common malignancy associated with NF1. 2 Indeed, NF1 patients have an 8% -13% lifetime risk of developing MPNSTs. 4 Approximately two-thirds of the MPNSTs diagnosed annually arise in NF1 patients, 5 with the remainder occurring sporadically. 6 Patients with MPNSTs have a grim prognosis, with 5-and 10-year survival rates of 34% and 23%, respectively. 5, 7 Surgery is the primary treatment for these neoplasms. 8 However, MPNSTs aggressively invade adjacent tissues and metastasize, which often makes the complete resection impossible. In this circumstance, therapeutic options are limited. Radiotherapy helps control local disease and delays recurrence but has little effect on survival. 9 At present, there are no effective chemotherapeutic regimens for treating these sarcomas. 8 Identifying new pharmaceutical agents that inhibit the proliferation and survival of neoplastic Schwann cells is thus critically important.
The potential hormonal responsiveness of some NF1-associated peripheral nerve sheath tumors raises the question of whether estrogenic signaling promotes MPNST pathogenesis. This led us to test the hypothesis that 4-hydroxy-tamoxifen, an active metabolite of the selective estrogen receptor (ER) modulator (SERM) tamoxifen, inhibits the proliferation and survival of neoplastic Schwann cells derived from NF1-associated and sporadic MPNSTs. We found that 4-hydroxy-tamoxifen does indeed inhibit the proliferation and survival of MPNST cells at concentrations equivalent to those that have similar effects on breast carcinoma cells. MPNST cells express 2 ERs [ERb and G-protein-coupled ER-1 (GPER)] and key estrogen biosynthetic enzymes. However, several lines of evidence indicate that MPNST proliferation, survival, and tamoxifen responsiveness are not dependent on either estradiol or ERs. In keeping with these in vitro observations, we found that tamoxifen demonstrates in vivo antitumor activity in an orthotopic xenograft model of human MPNSTs.
Materials and Methods

Human Tissues
These studies were approved by the University of Alabama -Birmingham (UAB) Institutional Review Board for Human Use. The Southern Division of the Cooperative Human Tissue Network/UAB Tumor Bank (director, William Grizzle, MD, PhD) provided non-neoplastic human sciatic nerve and surgically resected dermal neurofibromas, plexiform neurofibromas, and MPNSTs for this study.
Antibodies and Reagents
Antibodies were from the following sources: mouse anti-ERa monoclonal antibody (clone 1D5), Thermo Scientific; mouse anti-ERb monoclonal antibody (clone 9.88), Sigma-Aldrich; rabbit anti-GPER antibody (ab12563), Abcam; rabbit antiaromatase antibody (ab18995), Abcam; rabbit antiphosphoERK antibody (#9101), Cell Signaling; mouse anti-Ki67 monoclonal antibody (#558078), BD Biosciences; and mouse antiglyceraldehyde-3-phosphate dehydrogenase (GAPDH) monoclonal antibody (clone 6C5), Fitzgerald Antibodies and Antigens. Secondary antibodies were from Jackson Immunoresearch, Inc. and BD Biosciences.
The GPER agonist G1, 4-hydroxy-tamoxifen, W-7, GF109203X, cyclosporin A, and KN-93 were obtained from EMD Chemicals. 17b-Estradiol and trifluoperazine were purchased from Sigma. ICI-182,780 was from Tocris Bioscience.
Cell Lines
We have described the sources of the MPNST lines used in this study 10 except for S462 MPNST cells, which were kindly provided by Drs. Lan Kluwe and Victor Mautner (University Hospital Eppendorf, Hamburg, Germany). MCF-7 breast carcinoma cells were from the American Type Culture Collection. Cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum, 10 mg/mL streptomycin, and 10 IU/mL penicillin (DMEM10).
The morphology and doubling times of all cell lines were routinely assessed; cells were also regularly tested for Mycoplasma infection. To rule out contamination by other nonhuman cells and monitor cell identity, MPNST lines were karyotyped and shown to carry human chromosomes, albeit with abnormal karyotypes.
DNA Synthesis Assays
Incorporation of 3 H-thymidine was assayed in cells maintained in Schwann cell defined medium (SCDM), using our previously described methodology.
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Experiments were performed in triplicate, with 6 replicates per condition in each experiment. Data were analyzed using a one-way ANOVA, followed by a Tukey post-hoc test, with P , .05 considered statistically significant.
Cell Viability Assays
Forty thousand cells per well were plated in DMEM10 overnight and then maintained in SCDM for 16 -18 hours. 4-Hydroxy-tamoxifen or vehicle (dimethyl sulfoxide [DMSO]) was then added to each well. Twenty-four hours later, cells were rinsed with Hanks' balanced salt solution (HBSS) and then incubated for 30 minutes at room temperature in 200 mL of 4 ng/mL calcein acetomethoxy (AM) in HBSS. Signals were measured using a fluorescent plate reader.
Real-time PCR Assays
Real-time quantitative PCR was performed using an ABI 7500 Real Time PCR System (Applied Biosystems, Inc.) per our previously described protocol. 12 Steroid sulfatase, aromatase, ERa, ERb, and GPER cDNA levels were assayed using TaqMan minor groove binder (MGB) probes labeled with 6-carboxyfluorescein dye (ABI assays Hs00165853_m1, Hs00240671_m1, Hs00 174860_m1, Hs00230957_m1, and Hs00173506_m1, respectively), whereas 18S ribosomal levels were assayed in the same cDNAs using TaqMan MGB probes labeled with VIC dye (Applied Biosystems # 4319413E). Assays were performed in triplicate, and target transcript levels were normalized to the level of 18S cDNA in the same reverse transcription reaction. Controls lacking added template were performed in parallel with each primer set to verify an absence of contamination.
Immunoblot Analyses
Immunoblotting was performed as per our previously described methodology. 13 Antibody dilutions were: anti-ERa, 1:250; anti-ERb, 1:1000; anti-GPER, 1:700; anti-aromatase, 1:350; and anti-phosphoERK, 1:500. Equivalent loading was verified by reprobing membranes with anti-GAPDH antibody (1:20 000 dilution).
Mass Spectrometric Analyses of Estrogen Levels
17b-Estradiol levels in conditioned medium were quantified as previously described with minor modifications.
14 Analyses by liquid chromatography with tandem mass spectrometry (LC-MS/MS) were performed using a model SIL-HT refrigerated Shimadzu autosampler (Shimadzu Scientific Instruments) and an API 4000 (Applied Biosystems /MDS Sciex) coupled to a 100 × 2.0 mm i.d. phenyl -hexyl column preequilibrated with 0.1% formic acid. The mobile phase consisted of 0.1% formic acid (solvent A) and acetonitrile containing 0.1% formic acid (solvent B). Gradients were begun at 25% solvent B, linearly increased to 100% B over 3 minutes, maintained at 100% B for 3 minutes, and then returned to 25% B. Eluents (flow rate 0.3 mL/min) were directed into the mass spectrometer, which was equipped with an atmospheric pressure chemical ionization source operated in positive ion mode. Nitrogen was used as the curtain and collision gas. Multiple reaction monitoring (MRM) with mass transition m/z 506/171 was used to perform quantification. An 8-point calibration curve (0.005 -10 mM) showed a linear and reproducible curve for dansyl-E2 with a coefficient of correlation better than 0.995. The percentage of accuracy of these concentrations was in the range of 91% -114%.
RNA Interference
Target sequences were selected using the Whitehead Institute siRNA Selection Program. Short hairpin RNAs (shRNAs) under the control of the human H1 promoter and targeting ERs or a nonsense sequence not present in the human genome were cloned into pSECneo (Ambion). GenBank reference sequences, the corresponding plasmids, and targeted mRNA regions are: ERb, NM_001437.1: pSLC583, nucleotides 663 -681 and GPER, NM_001031682.1: pSLC584, nucleotides 1154 -1172; pSLC616, nucleotides 2914 -2934 and pSLC605, nucleotides 1304 -1322. Plasmids were transfected using FuGENE 6 (Roche) and stable transfectants selected using 800 mg/mL G418.
Measurement of ERb-induced Signal Transduction
ERb-induced signal transduction was assessed using a Cignal ERE Reporter Assay Kit (SuperArray) as per the manufacturer's recommendations. Firefly and Renilla luciferase signals were measured in transfected cells using the Dual-Glo Luciferase Assay System (Promega).
Orthotopic Xenografts and Therapeutic Regimen
ST88-14 cells were transduced with a lentiviral vector comprising cytomegalovirus-luciferase-internal ribosome entry site-puromycin. Firefly luciferase expressionpositive ST88-14 cells were selected with 5 mg/mL puromycin, and then expression in selected clones was verified with in vivo light-based imaging.
For orthotopic grafting, the sciatic nerve of NIH III mice was surgically exposed, and 5 × 10 5 cells suspended in HBSS were injected into the midportion of the nerve in a 5-mL volume. Three days postgrafting, tamoxifen citrate pellets (25 mg in a matrix releasing tamoxifen continuously for 60 days; Innovative Research of America) were implanted subcutaneously in the upper back.
One, 3, 6, and 9 days after grafting, bioluminescence imaging was performed using an IVIS-100 system (Xenogen; Calipers Life Sciences). During imaging, mice were maintained under isoflurane anesthesia at 378C. Images were collected with the animals oriented in the same position 10 minutes after intraperitoneal injection of 2.5 mg D-luciferin. Image acquisition times were in the range of 1-30 seconds, and it was ensured that no pixels were saturated during image collection. Light emission from tumor regions (relative photons/ sec) was measured using Living Image 3.0 software from Xenogen, with regions of interest maintained at a constant size. In preliminary studies, we verified that tumor size and light emission were correlated, enabling real-time imaging of therapeutic responses (data not shown).
Determination of Ki67 and TUNEL Labeling Indices
Xenografts resected from grafted mice were fixed overnight in 10% formalin. The next morning, tissues were dehydrated through graded alcohols and CitroSolv (Fisher Scientific) and then paraffin embedded. Sections 5-6 mm thick prepared from these blocks were mounted on SuperFrost Plus slides and used for Ki67 immunohistochemistry and terminal deoxynucleotidyl transferase dUTP (2 ′ -deoxyuridine, 5 ′ -triphosphate) nick end labeling (TUNEL).
For Ki67 immunohistochemistry, slides were deparaffinized in CitroSolv (3 incubations of 3 minutes each), followed by 2 washes in 100% ethanol (2 -3 minutes per wash), a wash in 95% ethanol (2-3 minutes), a 70% ethanol wash (2-3 minutes), a 50% ethanol wash (2 -3 minutes), and rinsing in running tap water for 3-5 minutes. Antigen rescue in citrate buffer was performed by heating the slides for 20 minutes in a rice cooker and then letting them cool for 20 minutes at room temperature. Endogenous peroxidase activity was killed by incubating the slides in 3% hydrogen peroxide in phosphate-buffered saline (PBS) for 10 minutes. Slides were rinsed with PBS and then incubated in blocking buffer (5% bovine serum albumin in PBS) at 378C for 1 hour. Ki67 monoclonal antibody (1:25 dilution in blocking buffer) was applied to the sections and incubated at 378C in a humidified chamber for 2 hours. Following 3 PBS rinses (5 min/rinse), biotinylated goat antimouse immunoglobulin-G (1:250 dilution in blocking buffer) was applied to the sections for 1 hour at 378C. Sections were then rinsed twice with PBS, and prediluted streptavidin-horseradish peroxide (BD Biosciences cat. # 550946) was applied to the sections for 30 minutes at room temperature. Following 2 PBS rinses, signals were developed using a DAB (3, 3 ′ diaminobenzidine) Substrate Kit as per the manufacturer's recommendations (BD Biosciences). Sections were then dehydrated through graded alcohols and CitroSolv and coverslipped with Permount.
To detect cells with nuclear DNA fragmentation, TUNEL was performed using the DeadEnd Colorimetric TUNEL System as per the manufacturer's recommendations (Promega).
To determine Ki67-and TUNEL-labeling indices, 10 -15 randomly selected 20× fields/section were photographed from each of 3 or more tumor sections; sections selected for staining were separated from one another by at least 10 sections. The total number of nuclei in each field (identified by hematoxylin staining) and the total number of Ki67-or TUNEL-positive nuclei (identified by DAB deposition) in the same field were counted (range for the number of cells counted from each tumor: 3014 -5203 cells). Labeling indices were then determined by dividing the number of DAB-labeled cells in each field by the total number of cells in that field. Labeling indices in control and tamoxifen-treated tumors were averaged and compared using a two-tailed t-test, with P-values ,.05 being considered significant.
Results
4-Hydroxy-tamoxifen Inhibits the Proliferation and Survival of MPNST Cells
4-Hydroxy-tamoxifen effects were examined in 6 human MPNST cell lines derived from tumors that arose in NF1 patients (NMS-2PC, ST88-14, T265-2c, 90-8, and S462 cells) or sporadically (STS-26T cells). To assess the effects on survival, cells were challenged with 4-hydroxy-tamoxifen for 24 hours and their viability then assessed by examining the cells' ability to cleave calcein AM, a reaction that generates a quantifiable fluorescent product. We have found that the number of viable MPNST cells correlates linearly with calcein AM cleavage under these experimental conditions (R 2 ¼ 0.9975). We first challenged MPNST cells with 0.01-20 mM 4-hydroxy-tamoxifen; these concentrations were selected as they inhibit the proliferation and survival of breast carcinoma cells. 15, 16 1-20 mM 4-hydroxy-tamoxifen decreased the survival of S462 cells in a concentration-dependent manner (Fig. 1A) . In the other lines, however, 1 mM 4-hydroxy-tamoxifen modestly inhibited survival, whereas a 10-mM concentration of this SERM killed virtually all of the cells. We therefore examined the effect that 4-hydroxytamoxifen concentrations between 1 and 10 mM had on the survival of the other 5 lines. With this range of concentrations, 4-hydroxy-tamoxifen decreased the survival of all 5 cell lines in a concentration-dependent manner (Fig. 1B) . In 4 of the lines (STS-26T, NMS-2PC, 90-8, and T265-2c cells), statistically significant inhibition of survival was seen with as little as 1-2 mM 4-hydroxy-tamoxifen. Maximal inhibition of survival was achieved with 5 mM 4-hydroxy-tamoxifen in all 5 lines.
Visual inspection of 4-hydroxy-tamoxifen -treated cultures suggested that this agent induced MPNST cell death quite rapidly, with morphologic alterations, including the development of cytoplasmic granularity, rounding up, and cytoplasmic blebbing evident by 2 hours posttreatment (Fig. 1C) . To determine how rapidly 4-hydroxy-tamoxifen induced death, we challenged ST88-14 and STS-26T cells with 10 mM 4-hydroxy-tamoxifen and examined their ability to cleave calcein AM 30 minutes to 4 hours later (Fig. 1D ). Calcein AM cleavage was significantly reduced in both lines as early as 1 hour after exposure to 4-hydroxy-tamoxifen. These cells were also unable to exclude Trypan blue, confirming that they were dead.
Micromolar concentrations of 4-hydroxy-tamoxifen trigger apoptosis in breast cancer cells, 15 whereas nanomolar concentrations inhibit their proliferation. 16 To determine whether lower concentrations of 4-hydroxy-tamoxifen might similarly inhibit MPNST mitogenesis, the 6 MPNST cell lines were challenged with 0.01 -20 mM concentrations of this agent and DNA synthesis was assessed 24 hours later. We found that 0.01 and 0.1 mM 4-hydroxy-tamoxifen, which had no effect on the survival of STS-26T and ST88-14 cells, potently inhibited the proliferation of these lines (Fig. 1E) . In contrast, nanomolar concentrations of 4-hydroxy-tamoxifen did not diminish mitogenesis in NMS-2PC, 90-8, T265-2c, and S462 cells. Thus, nanomolar concentrations of 4-hydroxy-tamoxifen decrease DNA synthesis in at least some MPNST cell lines.
Human Dermal Neurofibromas, Plexiform Neurofibromas, MPNSTs, and MPNST Cell Lines Express ERs
To determine whether 4-hydroxy-tamoxifen effects on MPNST cells might be ER dependent, we examined the expression of ERa, ERb, and GPER (also known as GPR30) in our panel of MPNST cell lines using immunoblot analyses. ER expression in MPNST cells was compared with that in MCF-7 breast carcinoma cells, a line reported to express all 3 of these receptors. 17, 18 Although ERa protein was readily detected in MCF-7 cells ( Fig. 2A) , it was undetectable in the 6 MPNST cell lines; consistent with this, real-time PCR assays demonstrated that ERa mRNA was expressed at exceedingly low levels in these lines (1400-to 19 000-fold lower than in MCF-7 cells; Supplementary Material Fig. S1 ). In contrast, ERb and GPER proteins were evident in all 6 MPNST cell lines ( Fig. 2A) . Levels of ERb protein expressed in MPNST cells varied, with 3 lines having expression comparable to that in MCF-7 cells and 3 lines having somewhat lower expression. GPER expression in MPNST cells was higher than that detected in MCF-7 cells. Real-time PCR analyses showed a similar relationship between the levels of ERb and GPER mRNAs in MPNST and MCF-7 cells (Supplementary Material, Fig. S1 ).
To determine whether these receptors were similarly expressed in MPNSTs in vivo, lysates of normal human sciatic nerve from 2 autopsied patients and 4 surgically resected MPNSTs were immunoblotted and probed with ER antibodies. Although ERa was undetectable in normal sciatic nerve and in all 4 tumors, both ERb and GPER were expressed in the MPNSTs (Fig. 2B) , indicating that the ERs detected in MPNST cells are similarly expressed in MPNSTs in vivo.
We next compared the expression of ERa, ERb, and GPER in MPNSTs with that in plexiform neurofibromas, the precursor lesions from which MPNSTs often arise, and dermal neurofibromas, a class of tumors that have no malignant potential but are thought to be hormonally responsive. Real-time PCR analyses of ERa mRNA levels in 2 dermal neurofibromas and 3 plexiform neurofibromas showed that these benign tumors had exceedingly low ERa transcript levels, much as was seen in MPNSTs. In contrast, higher levels of ERb and GPER mRNAs were detected in both dermal and plexiform neurofibromas (Fig. 2C) . However, a comparison between the levels of these transcripts in neurofibromas and those detected in MPNSTs showed that although there was tumor-to-tumor variability, there were no major differences between the levels of expression of ERb and GPER transcripts in these 3 peripheral nerve sheath tumor types.
Human MPNSTs and MPNST Cell Lines Express Estrogen Biosynthetic Enzymes
The media used in our cell survival experiments were not supplemented with 17b-estradiol. However, given the potent effects 4-hydroxy-tamoxifen demonstrated on MPNST cells, we considered the possibility that neoplastic Schwann cells in MPNSTs, such as non-neoplastic glia, 19 might make their own estrogen and thus not be dependent on exogenous hormone. As an initial test of this hypothesis, we examined the expression of transcripts encoding the rate-limiting enzymes in the 2 major estrogen biosynthetic pathways (aromatase and steroid sulfatase) in our MPNST cell lines. Aromatase and steroid sulfatase mRNA levels in MPNST cells were compared with those in MCF-7 cells, which are known to express steroid sulfatase 20 and low levels of aromatase. 21 Aromatase transcripts were detectable in MCF-7 cells, but at levels that precluded an accurate quantitation. Higher levels of aromatase mRNA were evident in the 6 MPNST lines (Fig. 3A, left panel) . Steroid sulfatase transcripts were also present in all 6 MPNST cell lines, at levels 1.5-to 4.8-fold higher than in MCF-7 cells (Fig. 3A, right panel) . Immunoblot analyses confirmed the presence of aromatase protein in these MPNST lines and surgically resected MPNSTs (Supplementary Material, Fig. S2 ). These observations and our demonstration that ERb and GPER are expressed by MPNST cells raised the question of whether tamoxifen might inhibit MPNST proliferation and survival by disrupting autocrine or paracrine estrogen signaling.
4-Hydroxy-tamoxifen Effects on MPNST Cells Are Not Due to Inhibition of Estrogen Action
Given their expression of estrogen biosynthetic enzymes, we next asked whether MPNST cells secrete estrogen.
To answer this question, we used liquid chromatography tandem mass spectrometry to detect and quantify the levels of 17b-estradiol (E2) present in serum-free SCDM conditioned by MPNST cells for 72 hours. To enhance the sensitivity and selectivity of these assays, ethyl acetate extracts of conditioned media were reacted with dansyl chloride. Dansylation, which forms a phenyl sulfonate bond at the 3-position on the A-ring of unconjugated estrogens, has been widely used to facilitate E2 quantification in biological samples. 14, 22 Full-scan MS spectrums of a 3-dansyl-E2 standard solution showed a protonated molecular ion
+ at m/z 506 that, upon fragmentation in the collision cell of the tandem mass spectrometer, yielded a pronounced peak at m/z 171. Consequently, assays were performed using MRM mode with mass transition m/z 506/171 for detection and quantification of dansyl-E2. Under these conditions, the lower limit of quantification (5 nM) showed a peak with signal to noise ratio of 18 (Fig. 3B, left panel) .
Quantifying E2 in unconditioned SCDM and media conditioned by MPNST (ST88-14, S462, T265-2c, and STS-26T) or control (MCF-7) cell lines, we found that dansyl-E2 was readily detected in MCF-7 conditioned medium (Fig. 3B, right panel) . However, there was no evidence of dansyl-E2 in media conditioned by the 4 MPNST cell lines.
We next asked whether exogenous E2 promotes MPNST mitogenesis by challenging 4 MPNST cell lines (STS-26T, ST88-14, NMS-2PC, and 90-8 cells) for 24 hours with varying concentrations (0.1, 1, 10, or 100 nM) of E2 and examining the effect this had on 3 H-thymidine incorporation. E2 produced no Fig. S3A ). In non-neoplastic Schwann cells, estradiol maximally stimulates proliferation when administered in combination with agents that elevate cAMP such as forskolin. 23 We therefore repeated these experiments, this time challenging ST88-14 and STS-26T cells with 0.1 -100 nM E2 in combination with 5 mM forskolin. Even in the presence of forskolin, however, E2 did not enhance the MPNST cell mitogenesis (data not shown).
The failure of MPNST cells to synthesize E2 or proliferate in response to exogenous E2 suggested that tamoxifen did not act by interfering with estrogenic signaling. In support of this hypothesis, we found that 10 -1000 nM E2 did not rescue STS-26T cells from death induced by 10 mM 4-hydroxy-tamoxifen (Supplementary Material, Fig. S3B ) or restore the decrease in proliferation produced by 0.1 mM (100 nM) 4-hydroxy-tamoxifen (data not shown). Further, upon challenging STS-26T and ST88-14 cells with 10 and 100 nM concentrations of ICI-182,780 (IC 50 ¼ 0.3 nM), a steroidal antiestrogen that has pure antiestrogenic effects at these concentrations, 24 we found that this compound did not recapitulate 4-hydroxy-tamoxifen effects on MPNST cell survival (Supplementary Material, Fig. S3C ). Taken together, these findings indicate that 4-hydroxy-tamoxifen does not inhibit MPNST proliferation and survival via inhibition of estrogen action.
MPNST Cell Proliferation and Survival Are Not Dependent on ERb or GPER
In some cell types, ERs are activated by "cross-talk" with other growth factor-activated signaling pathways and can promote proliferation even in the face of estrogen withdrawal. 25 To determine whether ERb or GPER is required for MPNST proliferation and/or survival, we transfected plasmids encoding shRNAs targeting these receptors into ST88-14 MPNST cells. As initial experiments showed no evidence of increased death in transiently transfected cultures, we generated sublines that were stably transfected with these plasmids. Immunoblot analyses confirmed that ERb and GPER expression was markedly reduced in cells stably transfected with ER-targeting shRNAs relative to the parent line or cells transfected with a nonsense control plasmid (Fig. 4A) . To verify that ERb signaling was effectively impaired, cells were transiently transfected for 48 hours with an estrogen response element -luciferase reporter. Following a 24-h challenge with vehicle or 1 -25 nM 17b-estradiol, baseline levels of luciferase activity were evident in ST88-14 cells, which increased in a concentration-dependent manner with 17b-estradiol stimulation (Fig. 4B) . In contrast, neither baseline nor inducible luciferase expression was seen in cells carrying the ERb shRNA, indicating that ERb signaling had been abolished. To establish that GPER signaling was effectively impaired, parent ST88-14 cells and cells transfected with GPER shRNA were challenged with the GPER-specific agonist G1. This agonist induced phosphorylation of ERK 1/2 in the parent line, but not in cells expressing the GPER shRNA (Fig. 4C) , verifying a loss of GPER signaling.
Despite the ablation of ERs, 3 H-thymidine incorporation assays indicated that DNA synthesis was neither consistently nor significantly reduced in ST88-14 sublines stably transfected with ERb or GPER shRNAs when compared with the parent line or cells transfected with nonsense control shRNA (Fig. 4D) . We conclude that ERb and GPER signaling contribute minimally, if at all, to the proliferation and survival of these MPNST cells in vitro. Further, ablation of ERb or GPER expression did not impede tamoxifen-induced death (Fig. 4E) , indicating that tamoxifen inhibits MPNST proliferation and survival via an ER-independent mechanism.
Calmodulin Inhibitors Recapitulate 4-Hydroxy-tamoxifen Effects on MPNST Cells
Tamoxifen and its metabolites also bind directly to the calcium-binding protein calmodulin and to protein kinase C (PKC) isozymes 26 and inhibit their action.
-29
To determine whether inhibition of calmodulin and/or PKC would recapitulate 4-hydroxy-tamoxifen effects, we challenged STS-26T and ST88-14 cells for 24 hours with inhibitors of calmodulin (trifluoperazine, W-7) or GF109203X, a broad-spectrum PKC inhibitor that targets multiple PKC isozymes (PKCa, b I , b II , g, d, and 1), and examined the effect this had on MPNST survival and mitogenesis. Twenty-five, 50, and 100 nM GF109203X (IC 50 for PKC ≈ 10 nM) had no effect on the survival and proliferation of either line (Supplementary Material, Fig. S4 ). However, trifluoperazine inhibited the survival of STS-26T and ST88-14 cells in a concentration-dependent fashion, with statistically significant effects becoming evident at 5 mM and nearly complete inhibition achieved with 10 mM trifluoperazine (Fig. 5A, left panel) . W-7 similarly impaired MPNST cell survival (Fig. 5A, right panel) , with statistically significant effects on ST88-14 cells first observed with 10 mM W-7 and inhibition of STS-26T survival first seen in cells treated with a 15-mM concentration of this drug. Trifluoperazine and W-7 also produced concentration-dependent reductions in DNA synthesis in both MPNST cell lines. As with 4-hydroxytamoxifen, the effects of these calmodulin inhibitors on proliferation were observed at concentrations lower than those that induced cell death. Trifluoperazine 2.5-mM significantly reduced 3 H-thymidine incorporation in both lines (Fig. 5B, left panel) , whereas 5 and 10 mM W-7 produced a significant inhibition of proliferation in ST88-14 and STS-26T cultures, respectively (Fig. 5B, right panel) . To determine whether these calmodulin inhibitors, such as 4-hydroxy-tamoxifen, rapidly induced MPNST cell death, we challenged ST88-14 and STS-26T cells with 10 mM trifluoperazine and examined their ability to cleave calcein AM 30 minutes to 4 hours later. We found that MPNST survival was reduced in both lines within the first hour of treatment (Fig. 5C ).
Tamoxifen Demonstrates Antitumor Activity in an Orthotopic Xenograft Model of Human MPNSTs
To determine whether tamoxifen inhibits tumor growth in vivo, we grafted luciferase-expressing ST88-14 MPNST cells into the sciatic nerves of 16 NIH III mice. Bioluminescent imaging was performed 1 and 3 days postgrafting and verified that the grafts were established and growing. After completing imaging 3 days postgrafting (Day 0 of treatment), half of the mice were surgically implanted with tablets containing 25 mg of tamoxifen in a matrix that releases this drug continuously for 60 days. To assess tumor responses in the early stages of treatment, animals were re-imaged 3 and 6 days after implantation of the tamoxifen tablets. As illustrated by the representative images shown in Fig. 6A , bioluminescent signals from the orthotopic xenografts were lower in mice treated with tamoxifen. Quantification of tumor region of interest data from the 8 tamoxifen-treated and 8 control mice confirmed that the tamoxifen-treated group showed an approximately 2-fold reduction in tumor growth in the first week of treatment (Fig. 6B ). Due to rapid growth of the grafts in the control group, the experiment was terminated 18 days after the initiation of therapy and the grafts were collected. A comparison of the weights of these grafts showed that the grafts from the tamoxifentreated mice weighed half as much as those of the control group (Fig. 6C) , consistent with the results of the bioluminescence imaging. Pathologic examination of the grafts from the control group (Fig. 7A, left panel) demonstrated the presence of spindled tumor cells with brisk mitotic activity; the morphology of these cells was consistent with that of cultured ST88-14 cells. These same cells were present in the grafts from tamoxifen-treated mice. However, extensive areas of geographic necrosis and numerous apoptotic bodies were also evident in these latter grafts, and individual tumor cells demonstrated prominent cytoplasmic vacuolation (Fig. 7A, right  panel) . To more rigorously establish whether tamoxifen treatment inhibited the proliferation and survival of the grafted MPNST cells, Ki67 immunohistochemistry and TUNEL were performed on sections from 4 control grafts and 4 tamoxifen-treated grafts. Initial inspection of these stained sections via light microscopy demonstrated that the number of Ki67-labeled cells was reduced in tamoxifen-treated grafts (Fig. 7B) and that there was an increase in the number of TUNEL-positive cells in these same grafts (Fig. 7C) . Determination of the Ki67-labeling indices in these tumors (Fig. 7D , left panel) demonstrated that there was indeed a striking reduction in the number of Ki67-positive MPNST cells in tamoxifen-treated grafts (16% in controls vs 9.6% in tamoxifen-treated; P , .05). The increase in the TUNEL index in the tamoxifen-treated grafts (Fig. 7D , right panel) was even more striking (11.5% in controls vs 24.7% in tamoxifen-treated; P , .05). We conclude that tamoxifen also inhibits MPNST cell proliferation and survival in vivo.
Discussion
In humans, tamoxifen is rapidly converted to active metabolites including 4-hydroxy-tamoxifen and N-desmethyl-tamoxifen. 30, 31 We found that one of these metabolites, 4-hydroxy-tamoxifen, inhibited the proliferation and survival of MPNST cells. However, while MPNST cells and MPNSTs expressed ERs and estrogen biosynthetic enzymes, MPNST cells did not secrete detectable levels of 17b-estradiol and exogenous 17b-estradiol did not stimulate MPNST cell mitogenesis or rescue 4-hydroxy-tamoxifen-mediated inhibition of MPNST cell survival and proliferation. Further, the pure antiestrogen ICI-182,780 did not mimic 4-hydroxy-tamoxifen effects on these cells, and ablation of ERb and GPER had no effect on MPNST mitogenesis, survival, or tamoxifen sensitivity. In contrast, calmodulin inhibitors recapitulated 4-hydroxy-tamoxifen effects on MPNST cells. We conclude that 4-hydroxy-tamoxifen inhibits the proliferation and survival of MPNST cells via an ER-independent mechanism. Our observation that tamoxifen has potent antitumor activity in an orthotopic xenograft model of human MPNSTs also has important therapeutic implications.
4-Hydroxy-tamoxifen inhibited the survival of MPNST cells at low micromolar concentrations and impeded their proliferation at high nanomolar concentrations. Extensive experience with tamoxifen-sensitive breast carcinomas indicates that these concentrations of 4-hydroxy-tamoxifen are relevant in vivo. Tamoxifen has been the single agent of choice for treating ERpositive breast cancers since the early 1970s because it is effective and well tolerated and lacks severe toxicity. 16 As in MPNST cells, low micromolar concentrations of 4-hydroxy-tamoxifen inhibit the survival of breast carcinoma cells, and high nanomolar concentrations impede their proliferation. 15, 16 Steady-state plasma concentrations of up to 1 mM tamoxifen are readily achieved, 32 and this agent accumulates to even higher levels (0.7-14 mM) in breast carcinomas. 25 As tamoxifen effectively penetrates the nervous system, 33, 34 these observations suggest that therapeutically effective levels of tamoxifen can be delivered to MPNSTs in vivo. Consistent with this notion, we have shown that tamoxifen has potent antitumor effects in an orthotopic xenograft model of human MPNSTs. Clinical evidence also indicates that tamoxifen is unlikely to promote the death of nonneoplastic Schwann cells, as peripheral neuropathies are exceedingly rare in patients receiving tamoxifen. 35, 36 Fishbein et al. reported that tamoxifen did not inhibit proliferation in 2 MPNST cell lines and that this agent induced a slight increase in apoptosis in only 1 of these lines. 37 However, these authors examined only the effects of 1 mM tamoxifen as opposed to the range of 4-hydroxy-tamoxifen concentrations used in our studies. We have found that the concentration of 4-hydroxy-tamoxifen inducing death varies among MPNST cell lines, with some lines demonstrating impaired survival with 1 mM 4-hydroxy-tamoxifen and higher concentrations being required to induce death in other lines. Similar line-to-line variability was evident when examining 4-hydroxy-tamoxifen effects on DNA synthesis. At present, it is not clear why MPNST cell lines differ in their relative sensitivity to 4-hydroxytamoxifen. Answering this question will be important, however, as it will facilitate the identification of MPNSTs most likely to respond to tamoxifen therapy.
Our findings indicate that 4-hydroxy-tamoxifen inhibits MPNST cell survival and proliferation via an ER-independent mechanism. This raises the question of what role estrogen signaling plays in neoplastic Schwann cells. Non-neoplastic Schwann cells express ERs, 19, 23, 38 and estrogen administered in combination with forskolin stimulates their proliferation. 23 Nonetheless, 17b-estradiol alone or in combination with forskolin had no effect on MPNST mitogenesis, indicating that the estrogenic responses of neoplastic Schwann cells differ from those of non-neoplastic Schwann cells. However, our data clearly indicate that MPNST cell ERs are functional, and consequently we cannot rule out the possibility that estrogen promotes MPNST mitogenesis in an in vivo environment where other, as yet unidentified, factors that might cooperate with estrogenic signaling are present. The estrogen driving proliferation in vivo could be derived from circulating estrogens or via intratumoral conversion of circulating precursors. Consistent with this hypothesis, the proliferation of orthotopically grafted MPNST cells is diminished in ovariectomized immunodeficient mice and this decreased proliferation can be rescued with exogenous estrogen. 39 Alternatively, estrogens may regulate other functions that we have not yet examined, such as tumor cell invasion. If either of these hypotheses is correct, tamoxifen will have ER-dependent effects on MPNST growth in vivo that were not evident in our in vitro studies.
Our demonstration that the calmodulin inhibitors trifluoperazine and W-7 recapitulate 4-hydroxy-tamoxifen effects on MPNST proliferation and survival are consistent with the hypothesis that tamoxifen effects on these cells occur via an ER-independent mechanism and that this mechanism involves inhibition of calmodulin signaling. This is also consistent with preliminary studies in which we have found that 2 calmodulin-regulated enzymes, calcineurin and CaMK, promote MPNST mitogenesis (Supplementary Material, Fig. S5 ). Relatively little is known regarding the role calcium signaling plays in the proliferation and survival of MPNST cells. However, it has been shown that MPNST cells stimulated with platelet-derived growth factor show an exaggerated increase in intracellular calcium and enhanced activation of CaMKII compared with nonneoplastic Schwann cells. 40 These observations, considered together with our demonstration that calmodulin inhibitors potently inhibit MPNST cell proliferation and survival, are consistent with the hypothesis that aberrant calcium signaling is essential for MPNST tumorigenesis and suggest that agents such as trifluoperazine may also be useful for the treatment of these sarcomas.
Having said that, however, we must caution that we cannot yet definitively conclude that calmodulin inhibition is the mechanism by which tamoxifen impedes the proliferation and survival of MPNST cells. Indeed, tamoxifen has been found to inhibit the survival of other tumor cell types via diverse ER-independent mechanisms, including modulation of the action of TGFb and c-myc, activation of JNK signaling, enhanced oxidative stress, increased ceramide generation, and alterations in mitochondrial permeability transition. 16 It will be of great interest to determine whether tamoxifen acts in MPNST cells via calmodulin inhibition, other ER-independent mechanisms, or a combination of both.
In summary, our findings indicate that 4-hydroxytamoxifen inhibits MPNST proliferation and survival in vitro via an ER-independent mechanism. The concentrations of 4-hydroxy-tamoxifen producing these effects are readily achieved in vivo; this is inconsistent with our demonstration that tamoxifen has potent antitumor effects in an orthotopic xenograft model of human MPNSTs. Given the extensive clinical experience with tamoxifen in breast cancer patients, the fact that it is well tolerated, tamoxifen's relative lack of toxicity, and an absence of untoward effects of tamoxifen in the normal peripheral nervous system, tamoxifen is a strong candidate agent for the treatment of NF1-associated and sporadic MPNSTs. Delineating the signaling pathways affected in MPNSTs treated with tamoxifen in vivo is also likely to point to new means of treating these aggressive sarcomas, thereby expanding our currently limited therapeutic repertoire.
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Supplementary material is available at Neuro-Oncology Journal online.
